1. Introduction
===============

Schaaf-Yang syndrome (SYS) (OMIM 615547), also known as Prader-Willi-like syndrome, is a genetic disorder characterized by developmental delay and intellectual disability (DD/ID), neonatal hypotonia, feeding difficulties, contractures, and autism spectrum disorder (ASD). Mutations in the maternally imprinted, paternally expressed melanoma antigen L2 (*MAGEL2*) gene (OMIM 605283), located in the Prader-Willi critical region 15q11--15q13, are responsible for SYS. MAGEL2, a member of the MAGE family of ubiquitin ligase regulator, is a relatively GC-rich, single-exon gene that encodes a protein involved in endosomal protein recycling.^\[[@R1],[@R2]\]^ It is exclusively expressed from the unmethylated paternal allele and only the mutation on the paternal allele leads to SYS.^\[[@R3]\]^ Unlike autosomal dominant inheritance, variants in the maternal imprinted allele can lead the phenotypes to skip several generations. However, for male individuals carrying a deleterious *MAGEL2* mutation, 50% of their offspring will be clinically affected.^\[[@R4]\]^

The most common phenotype of SYS is DD/ID that is present in almost 100% of the individuals for whom this information had been provided, followed by neonatal hypotonia and feeding difficulties (97%), then joint contractures (88%).^\[[@R5]\]^ Respiratory distress is another notable manifestation of SYS with a prevalence of 71%,^\[[@R5]\]^ while in the minority of cases, it can be particularly hazardous. Congenital heart disease accounts for a large proportion of the congenital defects in patients with Prader-Willi syndrome (PWS),^\[[@R6]\]^ which has a high cardiovascular risk and mortality.^\[[@R7]\]^ Nevertheless, to the best of our knowledge, congenital heart disease in patients with SYS has not been reported. It has been indicated that the phenotypic severity depended on the specific location of the variant, suggesting a genotype-phenotype correlation.^\[[@R5]\]^ Recently, Chitayat-Hall syndrome, a rare condition characterized by distal arthrogryposis, intellectual disability, dysmorphic features, hypopituitarism, and particularly growth hormone deficiency,^\[[@R8]\]^ was demonstrated to be another *MAGEL2*-related disorder.^\[[@R9],[@R10]\]^ Compared with the relatively higher incidence of PWS cases, SYS cases especially the fatal cases of SYS were rarely reported. Herein, we reported 2 fatal cases of SYS with respiratory failure and congenital heart disease to expand the phenotypic spectrum, and reviewed the related literature to summarize the phenotypic and genetic characteristics in the fatal cases of SYS.

2. Methods
==========

Two pediatric patients diagnosed in our unit from November 2017 to July 2019 were enrolled. The diagnosis was based on the phenotypes and genotypes with *MAGEL2* variants identified by whole-exome sequencing. After obtaining the informed consent from patients parents, genomic DNA was extracted from peripheral blood samples of the patients and their parents, and whole-exome sequencing was performed on Illumina HiSeq X ten platform. Detected *MAGEL2* mutations were subsequently confirmed by Sanger sequencing. For these patients, we investigated the history of birth, the developmental, physical, cognitive, neurological spectrum, and dysmorphic features through the collection of clinical data and communication with their parents. Height and weight standard deviation were evaluated according to the growth standardized values and curves of Chinese children.^\[[@R11]\]^ The clinical investigations and genetic analyses have been approved by the Medical Ethical Committee of the Children\'s Hospital of Zhejiang University School of Medicine.

2.1. Case 1
-----------

Patient 1 was the second child of healthy, nonconsanguineous parents, and her elder brother died due to leukemia at the age of 20 years. After an uneventful pregnancy, she was born at term by caesarean section due to intrauterine fetal distress. At birth, her weight was 3200 g (-1 SD to median), her length was 47 cm (-2 SD to -1 SD), and head circumference was 34.5 cm (median to +1 SD). The amniotic fluid was III degrees polluted. Apgar scores were 5 at 1 and 6 at 5 minutes. She was immediately treated with airway cleaning and artificially ventilated with the use of a bag-valve mask. However, she developed severe respiratory distress, prompting transfer to the neonatal intensive care unit. Seizures occurred shortly after birth, presenting as upper limb flexion and lower limb rigidity, and were controlled by midazolam. She was dependent on mechanical ventilation and parenteral nutrition in the first 15 days after birth due to respiratory distress and feeding difficulties.

The patient had facial dysmorphisms including a high forehead with a ridge over the metopic suture, hypoplastic supraorbital ridges, a prominent nasal root, large and abnormally shaped ears without auricles. Furthermore, she manifested short neck, long and narrow thorax, short limbs, joint contractures in the form of camptodactyly with the second and fifth fingers overlapping the third and fourth, adducted thumbs and tapering fingers (Fig. [1](#F1){ref-type="fig"}A-D). Neurological examination revealed hypotonia with disappeared foraging reflex, sucking reflex, hugging reflex, holding reflex and weakened swallowing reflex. Echocardiography showed the ventricular septal defect with a diameter of 4.0 mm, atrial septal defect of 2.9 mm and pulmonary hypertension. Other examinations including brain magnetic resonance imaging, long bone X-ray of the limbs, ultrasonography of the liver, bile, pancreas, spleen and urinary system, thyroid, liver and kidney function yielded normal results. Whole-exome sequencing identified a de novo heterozygous c.1996dupC variant in exon 1 of the *MAGEL2* gene in the patient, which was confirmed by Sanger sequencing (Fig. [2](#F2){ref-type="fig"}). Biological information analysis implied frameshift and premature termination in the 666th amino acid after this duplication (p.Q666Pfs∗47), and it was regarded as a pathogenic variant. The patient showed progressive poor response and respiratory difficulties in the intensive care unit, and her parents decided to abandon the treatment in consideration of poor prognosis. She died due to respiratory failure at the age of 20 days.

![Clinical manifestations of the 2 patients with Schaaf-Yang syndrome. Patient 1: (A) Frontal bossing with a ridge over the metopic suture, hypoplastic supraorbital ridges and a prominent nasal root; (B) Large and abnormally shaped ears without auricles; (C) Short neck, short limbs, long and narrow thorax; (D) Adducted thumb and tapering fingers with the second and fifth fingers overlapping the third and fourth. Patient 2: (E) High forehead, full cheeks, a broad nasal root, a long philtrum and the micrognathia, adducted thumb and tapering digits with the second and fifth fingers overlapping the third and fourth; (F) A large mouth, thickened gums and a high arched palate; (G) Small hands with abnormal palmar creases; (H) Small club feet.](medi-99-e20574-g001){#F1}

![Sanger sequencing chromatograms of *MAGEL2* mutations in the family of case 1. (A) Heterozygous c.1996dupC mutation in *MAGEL2* in patient 1; (B) No mutations detected in her father; (C) No mutations detected in her mother.](medi-99-e20574-g002){#F2}

2.2. Case 2
-----------

Patient 2 was born by vaginal delivery at term with the weight of 3400 g (median to +1 SD) and length of 51 cm (median to +1 SD). Her parents were healthy and unrelated, and family history was unremarkable. Apgar score was 9 at 1 and 7 at 5 minutes. The amniotic fluid was II degrees polluted and meconium inhaled was found in the neonate. Although airway cleaning and artificial ventilation with the use of a bag-valve mask were performed on the patient, she manifested as the poor response, weak crying, cyanosis, hypotonic lower limbs and hypertonic upper limbs. The newborn was transferred to the neonatal intensive care unit for neonatal asphyxia and neurological symptoms, and was dependent on assisted ventilation in the first 3 days. She had poor sucking and oropharyngeal dysphagia and required gastric tube feeding during the first 27 days.

Clinical examination disclosed the presence of high forehead, full cheeks, almond-shaped eyes, a broad nasal root, a long philtrum, a large mouth, thickened gums, a high arched palate and micrognathia, tapering digits and interphalangeal joint contractures similar to patient 1, small hands with abnormal palmar creases, and small club feet (Fig. [1](#F1){ref-type="fig"}E-H). At the age of 2 and a half months old, the patient manifested hypertonia of upper limbs and high muscle tension of shoulder and back. She could not lie flat and often leaned to one side. She had poor head control and could not elevate her head for a long time. She exhibited poor eye tracking and sometimes smiled unconsciously without eye contact with others. Laryngomalacia and symptoms of gastroesophageal reflux were noted in this patient. Echocardiography showed the ventricular septal defect of 3.2 mm and patent foramen ovale. Other examinations including brain magnetic resonance imaging, genetic metabolic screening, chromosomal microarray analysis and DNA methylation analysis within the Prader-Willi critical region revealed no abnormity. A de novo heterozygous c.1996dupC (p.Gln666fs) pathogenic variant in the *MAGEL2* gene was detected in the proband, and was confirmed by Sanger sequencing (Fig. [3](#F3){ref-type="fig"}). At the age of 78 days, the patient presented with severe aspiration pneumonia due to gastroesophageal reflux. She developed respiratory failure and unexplained cerebral edema rapidly, and was admitted to the intensive care unit. Despite persistent mechanical ventilation and mild hypothermia therapy, the patient died at age 98 days.

![Sanger sequencing chromatograms of *MAGEL2* mutations in the family of case 2. (A) Heterozygous c.1996dupC mutation in *MAGEL2* in patient 2; (B) No mutations detected in her father; (C) No mutations detected in her mother.](medi-99-e20574-g003){#F3}

3. Discussion
=============

Schaaf et al first described the phenotypes of patients with truncating mutations in *MAGEL2* on the paternal allele.^\[[@R3]\]^*MAGEL2* has 51% amino acid sequences similarity to necdin, a protein implicated in the terminal differentiation of neurons and essential for axonal outgrowth.^\[[@R12]\]^*MAGEL2* is mainly expressed in the central nervous system, especially in the hypothalamus,^\[[@R13],[@R14]\]^ important for neuronal development.^\[[@R2],[@R15]\]^ It also plays a key role in modulating bone remodeling and mass, and is required for normal strength, endurance, and the maintenance of muscle.^\[[@R16],[@R17]\]^ Variants in *MAGEL2* can cause central nervous system retardation and dysmorphic features.^\[[@R18]\]^ Both our patients presented with variable degrees of neurodevelopmental delay including seizures and weakened primitive reflexes in patient 1 and psychomotor delay in patient 2, together with contractures and neonatal hypotonia, consistent with the phenotypes caused by *MAGEL2* variants.

Our patients carried the mutational hotspot c.1996dupC mutations and bore good phenotypic resemblance with SYS. They presented with characteristic dysmorphia, neonatal hypotonia, respiratory distress, feeding difficulties, particularly joint contractures, which were observed among the majority of patients with *MAGEL2* variants.^\[[@R5],[@R10]\]^ ASD, common in *MAGEL2-*mutated patients, has not been evaluated due to the limitation of age. While SYS and PWS share an appreciable amount of phenotypes including DD/ID, hypotonia, feeding difficulties and hypogonadism,^\[[@R19]\]^ there exist some phenotypes of SYS distinct from those of PWS. Patients with SYS manifest a much higher prevalence of joint contractures (88%) and ASD (78%),^\[[@R20]\]^ but a lower prevalence of hyperphagia and morbid obesity than that seen in PWS patients.^\[[@R5],[@R21]\]^ It was recently reported that compared to individuals with PWS, patients with SYS displayed a more profound level of intellectual disability and a more severe form of developmental delay.^\[[@R5],[@R22]\]^ Though both our patients manifested interphalangeal joint contractures which helped the diagnosis of SYS, it is less rigorous to distinguish SYS from PWS only based on the phenotypes, as no specific feature appears to be exclusive of one or the other condition. Whole-exome sequencing has been further performed and truncating variants in *MAGEL2* were detected in the patients. According to the typical features and molecular genetic test results, the diagnosis of SYS was identified. Hence, we highlight that *MAGEL2* sequencing should be considered in the context of PWS-like phenotypes after excluding PWS by methylation PCR to assist the diagnosis of SYS.

Worthy of note is the phenotype of congenital heart disease present in our patients but not described in other patients with *MAGEL2* variants. The 2 patients shared the common congenital heart disease of the ventricular septal defect. *MAGEL2* was described to be paternally expressed in heart of pigs,^\[[@R23]\]^ but the mechanism of the *MAGEL2* variants to the congenital heart disease, for example, whether *MAGEL2* variants perturb the normal program of cardiac development, remains unclear. Moreover, congenital heart disease was shown to have associations with neurodevelopmental abnormalities such as intellectual disability, language deficits, ASD, and motor skills deficits,^\[[@R24]\]^ but the underlying causes remain poorly defined. It is uncertain whether there exists a correlation of the neurodevelopmental abnormalities with the congenital heart disease in our patients, and further study is needed.

Through the literature review, we found 13 fatal cases of SYS reported previously,^\[[@R4],[@R15],[@R25]--[@R27]\]^ and we included a simplified summary of the phenotypic and genetic characteristics in these cases in Table [1](#T1){ref-type="table"}. We discovered that all the decedents manifested with contractures. Other phenotypes including feeding difficulties, DD/ID and neonatal hypotonia were also notable, accounting for 100%, 100%, and 90% in the patients evaluated, respectively. Our results indicate that severe arthrogryposis multiplex congenita and respiratory failure are the main cause of early death in the SYS patients. All the 5 individuals with c.1996delC mutation died prenatally or soon after birth due to severe arthrogryposis multiplex congenita and fetal akinesia, suggesting that c.1996delC mutation is likely to be fatal and is responsible for severe arthrogryposis, which is consistent with the previous findings.^\[[@R15]\]^ Another important variant associated with fatal cases of SYS is c.1996dupC mutation which was detected in 7 patients of the cohort, recapitulating that c.1996dupC mutation displays a more severe phenotype than other truncating mutations (except for c.1996delC mutation).^\[[@R5]\]^

###### 

Clinical features and *MAGEL2* variants in fatal cases of Schaaf-Yang syndrome.
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There were 5 deaths due to respiratory complications, and 4 of them carried c.1996dupC mutations, suggesting that patients with c.1996dupC variants have a higher prevalence of respiratory dysfunction compared to those with other variants. Respiratory distress is a common manifestation of SYS, as 55% of SYS patients were described to require mechanical ventilation in the first 2 months of life.^\[[@R5]\]^ The underlying mechanism of respiratory complications of SYS could be multiple. Firstly, while predominantly expressed in the brain, *MAGEL2* is also expressed in the fetal lung,^\[[@R18]\]^ and moderately expressed in abdominal wall muscle and diaphragm in the mouse model,^\[[@R16]\]^ indicating that loss of function may lead to respiratory difficulties. Hypotonia in the diaphragm and abdominal wall muscle is another cause of respiratory disease, as it can result in weakened cough reflex, increasing the risk of aspiration pneumonia. This may be the cause of respiratory failure in patient 2, who was further influenced by gastroesophageal reflux. Furthermore, as *MAGEL2* is primarily expressed in the hypothalamus, respiratory complications are also presumed to be secondary to CNS dysfunction. Although the majority of SYS patients can survive with the disease, fatal cases cannot be ignored. Respiratory issues could be extremely hazardous to cause death in early childhood of SYS patients.

In conclusion, the phenotypes of SYS continue to evolve, and further investigations of individuals with variants in *MAGEL2* are necessary. The congenital heart disease identified in our patients has not been reported before, broadening the phenotypic spectrum of SYS. We also emphasize that the respiratory complications could be fatal and should be monitored carefully. We suggest that *MAGEL2* gene should be added to gene-panels or gene-filters in next-generation sequencing-based diagnostics, which is of great significance for early diagnosis of patients with SYS.
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